and bialaphos (L-2-amino-H-[(hydroxyl)(methylphosphinoyl)]butyryl-L-alanyl-L-alanine, BIAL) are classified into nonspecific phosphorus-containing amino acid-type herbicides (cf. Fig. 1 ). BIAL is a tripeptide composed of one L-GLUF and two L-alanine molecules, and is produced by Streptomyces hygroscopicus. 1 D,L-GLUF and BIAL contain L-GLUF as the active ingredient, which inhibits the action of the enzyme glutamine synthetase, and has herbicidal activity. 2 Since GLUF and BIAL are readily biotransformed to 3-methylphosphinicopropionic acid and L-GLUF, respectively, by microorganisms in the soil, 3 these herbicides have been increasingly used all over the world. So far, the chiral separation and the determination of D,L-GLUF have been reported only in HPLC.
dilution analysis (EIDA) has been proposed. 7 γ-Cyclodextrin modified capillary zone electrophoresis (γ-CD-CZE) was used to measure the peak-area ratio of enantiomeric isomers of Dns-D,L-GLUF. Since BIAL is readily hydrolyzed to L-GLUF by an enzyme or acid, 8, 9 EIDA developed for GLUF was combined with the hydrolysis process and applied to the determination of BIAL using D,L-GLUF as a spike. The proposed methods were applied to the analysis of commercial herbicides containing GLUF or BIAL to demonstrate their validity and usefulness.
Experimental
Chemicals D,L-GLUF (97.0%) was purchased from Wako Pure Chemical Industries. L-GLUF was provided by Meiji Seika Kaisha. Stock solutions of D,L-GLUF (10 mmol l -1 ) and L-GLUF (5 mmol l -1 ) were prepared using the 10 mmol l -1 carbonate buffer (pH 10.0). A stock solution of BIAL was prepared by dissolving a sodium salt of BIAL (purity 75%, Meiji Seika Kaisha) in water. Basta ® (Bayer CropScience) and Herby ® (Meiji Seika Kaisha) were purchased locally. A 5 mmol l -1 Dns-Cl (Aldrich) solution was prepared with acetone (HPLC grade). A 2 mmol l -1 phosphate buffer (pH 6.5) as a migration buffer for CZE was prepared using sodium dihydrogen phosphate and an NaOH solution. The ionic strength was adjusted to 5 mmol l -1 using NaCl. γ-CD (97.0%, Wako) was dissolved in the phosphate buffer. Migration buffer solutions were filtrated through a membrane filter with 0.45 µm pore size (hydrophilic acrylic copolymer, PALL) immediately before use. Distilled and deionized water were purified with MILLI-Q Labo (Millipore).
Apparatus
Capillary electrophoresis was performed using a CE900S/CE970 (JASCO) system equipped with a LC-NETII/ADC-PC (JASCO) system and an air-thermostated bath at 25˚C. Detection was due to UV absorption at 220 nm. The power supply was operated under a constant voltage condition of 20 kV. A 78 cm (52 cm from the detector window) and 50 µm i.d. fused-silica capillary was used and successively flushed with water, 50% methanol, water, 2 mol l -1 HNO3, water, 0.2 mol l -1 NaOH, water, and then the migration buffer without γ-CD for 2 min. The capillary was finally equilibrated with the migration buffer under electrophoretic conditions at 20 kV for 30 min.
The pH was measured with a pH meter (PHM93REFERENCE pH METER, PADIOMETER) equipped with a combined glass electrode at 25˚C.
Principle of enantiomeric isomer dilution analysis
Since the physicochemical properties of enantiomeric isomers are exactly equal under achiral conditions, the mole ratio of the D-isomer to the L-isomer agrees with the ratio of the signal intensity (peak area) of the D-isomer to that of the L-isomer measured by appropriate instrumental methods, such as capillary electrophoresis, i.e.,
where SDX and SLX denote the peak area of the D-and L-isomer in the sample, respectively, and the ratio is written as RX; MDX and MLX denote the moles of the D-and L-isomer, respectively. If known amounts of the D-(MDS) and L-isomer (MLS) are spiked to the sample, the relation of the peak-area ratio and the
where SDm and SLm denote the peak area of D-and L-isomer in the mixture, respectively. From Eqs. (1) and (2), the following equations are derived:
These equations demonstrate that the unknown amount of the Dand L-isomer in the sample can be determined by only measuring RX and Rm without any calibration curves, and/or comparison or calibration standards. Furthermore, a quantitative recovery of the analyte or the correction of the recovery is not necessary, e.g., a quantitative derivatization of GLUF is not required at all.
Determination procedure
In the determination of D,L-GLUF, a known amount of L-GLUF was spiked to the sample and subjected to derivatization with Dns-Cl according to a reference. 10 The mixture was diluted with a phosphate buffer containing a small amount of nitromethane as a neutral marker and filtrated through a membrane filter with 0.50 µm pore size (PTFE, Advantec) before use.
Sample injection was carried out in the hydrodynamic mode while keeping the capillary end at 5 cm for 20 s. A buffer containing 17 mmol l -1 γ-CD at pH 6.5 was partially and electrophoretically injected into the capillary at 20 kV for 12 -15 min just after sample injection. The chiral separation and the measurement of the peak-area ratio were performed at 20 kV. In the determination of BIAL, a known amount of D,L-GLUF was spiked before or after hydrolysis of BIAL, as described later.
Results and Discussion

Chiral separation and measurement of peak-area ratio of D,Lglufosinate
The optimum conditions of the chiral separation of Dns-D,L-GLUF were calculated in the same manner as reported previously 11 using the complexation constants of Dns-D,L-GLUF with γ-CD and the mobilities of the inclusion complexes obtained in our recent study. 4 The apparent mobilities of the Dand L-isomer actually measured were -2.36 × 10 -4 and -2.41 × 10 -4 cm 2 V -1 s -1 , respectively, under the optimum conditions (pH 6.5, 17 mM γ-CD), and base-line separation could be achieved (cf. Fig. 2) .
If Dns-D-and Dns-L-GLUF are detected in the presence of γ-CD in CZE, the migration speed and the absorption spectrum of the inclusion complexes of enantiomeric isomers should be different from each other. As a result, the peak-area ratio of the D-to L-isomer does not agree with the mole ratio. Therefore, in the present study, a partial-filling technique 12, 13 of γ-CD (partially modified γ-CD-CZE) was used. A migration buffer containing γ-CD was partially and electrophoretically injected into the capillary. The injection time was adjusted to achieve a favorable chiral separation of Dns-D,L-GLUF.
A typical electropherogram obtained by partially modified γ-
CD-CZE is shown in Fig. 2 . The decrease in the absorbance observed at 8 to 22 min is ascribed to a change in the refractive index of the migration buffer containing a high concentration of γ-CD. Since γ-CD moves along with the electroosmotic flow more rapidly than Dns-D,L-GLUF under the given conditions, γ-CD passes through the sample zone containing Dns-D,L-GLUF. Chiral separation is achieved during that passing. A correction of the peak area of Dns-D,L-GLUF due to the difference in the migration speed is not needed because the enantiomers (Dns-D,L-GLUF) migrate with equal speed in the absence of γ-CD, and also the variation of the electroosmotic flow is canceled in a measurement of the peak-area ratio. The different peak-area ratios of the D-to L-isomer were measured by using mixtures of stock solutions of D,L-GLUF and L-GLUF. The results are listed in Table 1 . The peak-area ratio is in good agreement with the mole ratio, although the deviation tends to increase at a high mole ratio.
Determination of D,L-glufosinate
A synthetic sample (250 µl) containing D-and L-GLUF was mixed with 5.05 mmol l -1 L-GLUF (250 µl) as a spike. The peak-area ratio of D-to L-isomer was measured for the sample (Rx) and the mixture (Rm) with the spike. The results are listed in Table 2 together with the determination equations derived from Eqs. (3) and (4) . The reproducibility of the measurement of RX and Rm is as good as 0.8% and 1.4% as the relative standard deviation (%RSD), respectively. Additionally, the RX value for racemic D,L-GLUF is close to unity, as expected. The average values of the calculated D-and L-GLUF (MDX and MLX) are 1.24 ± 0.03 µmol and 1.23 ± 0.03 µmol, respectively, and well agree with the value taken (1.25 µmol each). The %RSDs of MDX and MLX are 2.5% and 2.8%, respectively. It was confirmed that D,L-GLUF can be accurately and precisely determined by only measuring RX and Rm.
The proposed method was applied to a commercial herbicide, Basta ® . A herbicide sample solution was prepared by dissolving 0.51776 g of the herbicide in 50 ml of carbonate buffer (pH 10). An aliquot of the solution was mixed with 1.26 µmol L-GLUF as a spike. Then, D,L-GLUF in the solution was derivatized by Dns-Cl, and enantiomerically separated using partially modified γ-CD-CZE.
It was found that additives (surfactants and color agents) in the herbicide did not affect the Dns-derivatization and the chiral separation of D,L-GLUF. The analytical result of Basta ® is shown in Table 3 in the sample are almost the same. This result indicates that GLUF in Basta ® is a rasemate. The content of GLUF in the commercial herbicide was calculated to be 18.8 ± 0.3%, which is in good agreement with the value given on the label, 18.5%.
On the other hand, a determination of GLUF in the herbicide was also attempted by a calibration curve (external standard) method. A linear correlation between the peak area and the concentration of GLUF (the concentration range of (1.25 -6.88) × 10 -4 mol l -1 ) was not obtained under the given conditions described above because the yield of Dns-derivatization presumably did not become constant. These results show that the determination by EIDA is not affected by the variation of the yield of the Dns-derivatization, as expected.
Determination of bialaphos
The present method developed for GLUF was considered to apply to the determination of BIAL, which contains one GLUF molecule in its molecule. The hydrolysis of BIAL was examined in order to quantitatively produce GLUF. BIAL was hydrolyzed in 6 mol l -1 HCl at 110˚C under reflux for 1 to 5 h, and derivatized by Dns-Cl after neutralization with the carbonate buffer. It was confirmed that GLUF was not decomposed during this hydrolysis process. The extent of hydrolysis was examined by the CZE of dansylated BIAL (Dns-BIAL) and Dns-GLUF formed. Figure 3A shows an electropherogram of BIAL before the hydrolysis. The peak of Dns-BIAL was detected, but that of Dns-GLUF was not at all. In Fig. 3B , Dns-GLUF and also Dns-Ala appear instead of Dns-BIAL after hydrolysis for 2 h. Since a small amount of Dns-BIAL was detected after hydrolysis for 1 h, the hydrolysis of BIAL was completely achieved within 2 h.
EIDA developed for GLUF was combined with the hydrolysis of BIAL and applied to determining the purity of BIAL supplied as a reagent. A 0.57616-g portion of the sodium salt of BIAL was dissolved in 25 ml of water and subjected to the hydrolysis process described above. An aliquot of the resulting solution was mixed with a known amount of D,L-GLUF (5.00 µmol) as a spike. The content of BIAL was calculated by determining L-GLUF and D-GLUF produced by the hydrolysis of BIAL. The results are listed in Table 4 . The average value obtained after the hydrolysis for 2 h was 2.42 ± 0.03 µmol, and the reproducibility was as good as 1.4%. On the other hand, although D-GLUF was also produced after hydrolysis for 5 h, the total amount of BIAL (2.39 ± 0.08 µmol) could be calculated by determining both D-and L-GLUF. The purity of the reagent obtained from these values was 72.2 ± 2.4%, which is consistent with the value given from the supplier, 75%.
The proposed method was further applied to a commercial herbicide containing BIAL, Herby ® (Meiji Seika Kaisha). A herbicide sample solution was prepared by dissolving a 1.0522-g portion of the herbicide in 50 ml of water. The spike of D,L-GLUF was performed before or after the hydrolysis of BIAL. In the former case, a known amount of D,L-GLUF was spiked, heated for 2 h at 110˚C, and derivatized with Dns-Cl. The results are given in Table 5 . The average value in the former, 2.63 ± 0.08 µmol, is in good agreement with that in the latter (spike after the hydrolysis), 2.57 ± 0.07 µmol, indicating no decomposition of GLUF during hydrolysis. The content of BIAL in the commercial herbicide was calculated to be 17.1 ± 0.5%, which is close to the value given on the label, 18.0%.
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Conclusion
A phosphorus-containing amino acid of D,L-GLUF could be readily, accurately, and enantioselectively determined by the proposed method using γ-CD-CZE without any calibration curves. A phosphorus-containing tripeptide of BIAL could be determined by combining EIDA for GLUF and the acidhydrolysis of BIAL. The validity and applicability of the method were confirmed using real samples of commercial herbicides. EIDA combined with appropriate chiral detection is expected for the absolute determination of various chiral substances.
